Six different metal-ion complexes of D-glucobenzothiazoline were synthesized and characterized by analytical and spectral techniques. Formation of different types of species (ML and ML 2 ) were observed with Cu 2 + , Ag + , Cd 2 + , Hg 2 + , and Zn 2 + ions. Existence of an anomeric mixture in the case of the Cu 2 + complex is identified from the EPR spectra, and the results were further supported by the simulated spectra. The structures were proposed based on different studies.
Introduction
Studies pertaining to the interaction of metal ions with saccharides (and their derivatives) are of paramount importance in both chemistry and biology, 1 owing to the coexistence of these in chemical and biological systems. 2 Therefore, in this context, studies of the complexes formed between sugars and metal ions are relevant. 3 Saccharide derivatives containing O, S and O, N donor sites are used to synthesize different metal-ion complexes. 4 Some of these derivatives are capable of inducing reverse transformation in tumor cells. 5 Metal-ion complexes of D-glucocysteinethiazoline are reported. 6 Therefore, it is important to study the interaction of metal ions with saccharide derivatives possessing O-, N-, and S-type donor atoms using different spectral and analytical techniques. In continuation with our on going efforts in the synthesis and characterization of different metal-ion complexes with saccharides 7 and their derivatives, including N-glycosyl amines, 8 herein we report the results of the complexation studies of D-glucobenzothiazoline, H 6 L ( Fig. 1 
Experimental
All solvents were purified and dried prior to use by routine procedures. D-Glucose (Lancaster, UK), oaminothiophenol (Lancaster, UK) and metal acetates (SRL, India) were purchased and used without further purification. UV -Vis spectra were recorded on a Shimadzu UV-2101 spectrophotometer in Me 2 SO solution using a compound concentration of 0.01 M in the visible region and 0.0001 M in the UV region. Metal-to-ligand ratios were established based on the Job's plots executed at wavelengths 645, 345, 380 and 380 nm, respectively, for Cu 2 + , Zn 2 + , Cd 2 + and Hg 2 + . CD experiments were performed on a JASCO J-600 spectropolarimeter. EPR spectra were recorded in the solid phase as well as in Me 2 SO solution on a Bruker ESP-300 spectrophotometer operating in the X-band mode at 300 and 77 K using 1,1-diphenyl-2%-picrylhydrazyl (DPPH) (g e 2.0023) as a field marker. The 1 H and 13 C NMR spectra were measured on a Bruker Avance DRX500 spectrometer operating at 500 MHz for 1 H and 126 MHz for 13 C nuclei. FTIR spectra were recorded on an Impact 400 Nicolet FTIR spectrometer in KBr matrix in the region of 400-4000 cm − 1 . The elemental analyses were performed on a Carlo-Erba elemental analyzer. Metal-ion content was determined using inductively coupled plasma-atomic emission spectra on a Labtam Plasmalab 8440 analyzer. While assigning the spectral data, several short forms were used and these include, 'Ar' for aromatic, 'Gly' for glycosidic, 'Sac' for saccharide and 'Ano' for anomeric. OH: C, 50.24; H, 6.24; N, 4.69; S, 10.73. Found: C, 50.45; H, 6.90; N, 4.39; S, 10.11. Hg(H 5 L) 2 (1). -Mercuric acetate (0.319 g, 1 mmol) was dissolved by stirring in 15 mL of THF for 0.5 h. To this, H 6 L (0.333 g, 1 mmol) dissolved in 15 mL of THF was added. The color of the solution changed to yellowish-green with the formation of a precipitate. The precipitate was separated and purified by dissolving in DMF and was reprecipitated by the addition of CHCl 3 . The purification process was repeated twice successively. The product, thus obtained, was washed with 4.17; Hg, 25.94; N, 3.62; S, 8.29. Found: C, 37.83; H, 4.09; Hg, 25.36; N, 4.09, S; 7.85 .
Hg(HL*) 2 (2). -Hg(II) complex (1, 2.0 g, 2.59 mmol) was acetylated with Ac 2 O (30 mL) in pyridine (40 mL) at rt for 16 h. Upon pouring the reaction mixture into ice-water, a yellow crystalline solid was produced, which was washed with water and recrystallized from aq acetone to give bis[o- (2,3,5,6- H 2 L*. -The mercury complex of the per-O-acetylated N-glycosyl amine (2, 1.5 g, 1.35 mmol) was dissolved in CHCl 3 (20 mL), and hydrogen sulfide was passed through the solution for 25 min. Removal of the precipitated HgS by filtration, followed by evaporation of the solvent, gave a syrup. The syrup upon trituration with EtOH gave o- (2,3,5,6-tetra-O-acetyl-D-glucopyranosylamino) 1 H, 1 H, 2 H, .00 (q, 1 H, Sac-H), 1.96 -2.01 (q, 12 H, 4CH 3 ); 13 C: 169.3-170.1 (4 C, CH 3 COO), 111.9 -145.4 (6 C, Ar-C), 61.9-81.7 (6 C, Sac-C), 20.3 -20.5 (4 C, CH 3 COO); Anal. Calcd for C 20 H 25 NO 9 S: C, 52.75; H, 5.49; N, 3.08; S, 7.03. Found: C, 52.42; H, 5.32; N, 3.22; S, 7.25 .
Cu ( , 4.93; Cu, 17.27; N, 3.81; S, 8.72. Found: C, 38.87; H, 4.32; Cu, 17.34; N, 4.29; S, 9.23 .
-This complex was synthesized by following the procedure described for the Hg(II) complex 1, but using a 1:1 ratio of silver (I) AgNO 5 S: C, 36.56; H, 4.09; Ag, 27.37; N, 3.55; S, 8.13. Found: C, 36.81; H, 3.98; Ag, 26.78; N, 3.23; S, 8.03 . 4.45; Cd, 23.63; N, 2.94; S, 6.74. Found: C, 35.64; H, 4.16; Cd, 23.05; N, 2.91; S, 6.09 .
Zn(H 5 L) 2 (6) (6) . The compounds 1-6 were characterized by analytical and spectral methods.
FAB mass spectral studies. -Mass spectra of the ligand H 6 L and its complexes, Hg 2 + 1 and Ag + 4 exhibited molecular-ion peaks and thereby the corresponding molecular weights were confirmed.
NMR studies. -The peaks observed in the 1 H and the 13 C NMR spectra of the metal-ion complexes, 1, 2, and 4-6, were assigned by comparing these with the spectrum of H 6 L. The comparisons revealed the formation of the metal-ion complexes. The proton signals of NH and OH were identified in the D 2 O exchange studies.
1 H NMR studies. The NH 2 peak observed around 4.92 ppm in the spectrum of the precursor, o-aminothiophenol was disappeared upon the formation of H 6 L, and a new peak corresponding to the NH of the glycosylated product appeared around 6.28 ppm. The SH peak of o-aminothiophenol (5.44 ppm) also disappeared upon glycosylation indicating the formation of the C S bond between the saccharide and the thiol moiety. As the C-1 center is involved in the condensation reaction, the peak corresponding to the C-1 OH is lost. and this makes the C-1 center of the saccharide susceptible to undergo intramolecular nucleophilic rearrangement at O-4, resulting in the formation of a furanose ring structure. 13 Interaction of hydroxyl groups with the metal ions is noticed based on the shifts observed in the l values of the corresponding carbon centers of the saccharide moiety. Binding abilities of the S-center with the central metal ion varies from one complex to another as shown by the downfield shift (DlCS, ppm) observed with the metal-ion complexes, 1 (3.8), 2 (2.9), 4 (3.0), and 5 (9.3) when compared to the ligand H 6 L. Binding of the glycosyl NH group is further supported by the downfield shift (DlC-1, ppm) observed in the anomeric carbon of the metal-ion complexes, 1 (8.7), 2 (5.1), 4 (8.9), and 5 (1.0), as compared to that in the ligand H 6 L. The variation observed in the downfield shift seems to reflect on the binding ability as well as on the hard-soft character of the corresponding metal ions.
EPR studies. -Parameters, g and A were derived from EPR spectra of the copper complex 3. As the geometry becomes more tetrahedral in nature, A becomes more isotropic, resulting in a smaller value of A ll and at the same time higher value for g ll and g iso . The g ll and A ll parameters are only approximate because this complex exists as an anomeric mixture in solution. However, when this copper complex was synthesized using a mixture of Cu(OAc) 2 and Zn(OAc) 2 in a 1:9 ratio, the Cu 2 + was found to adopt a tetrahedral structure of the host zinc complex based on the EPR studies. Since the g value of 3 is not significantly low (g iso = 2.0699), it is unlikely that the d z 2 acts as the ground state, and furthermore, the presence of a compressed-tetragonal or rhombic octahedral or trigonal bipyramidal or cis-distorted octahedral environment for the Cu 2 + ion is ruled out. No EPR evidence was obtained for the formation of the dimer even at 77 K. The parallel hyperfine components show two distinct copper centers, which may have come from the two different anomers (a, b isomers and it is denoted as site 'A' and 'B' in Fig. 2 ) of different concentrations. It is well known that in solution, the tumbling of copper complexes give average g and A. This results in an isotropic quartet, the intrinsic anisotropies (in the molecular frame) reflecting m I dependent line widths of the type a+bm I +cm I 2 . The hyperfine coupling constants for the two anomers were found to be A ll = 120− 125G and A ll = 90 -100G. As the temperature was lowered, the species with A ll = 100G seem to reduce in intensity. Thus, the EPR studies suggested a monomeric structure for 3. The experimental EPR spectrum obtained for copper complex Cu 2 + 3 in a Zn 2 + matrix agrees well with the simulated spectra of a mixture of a and b anomers as shown in Fig. 3 .
FTIR studies. -Formation of D-glucobenzothiazoline, H 6 L was identified by comparing the FTIR spectra of the corresponding precursors. A preliminary comparison of the FTIR spectra of the metal-ion complexes 1-6 with the corresponding ligand spectrum, H 6 L or H 2 L* indicated the complex formation. In the wOH Fig. 3 . EPR spectra of 3: (a) synthesized from a mixture of Cu(OAc) 2 and Zn(OAc) 2 in 1:9 ratio (at rt, Me 2 SO); (b) same as in (a) but measured at 77 K; (c) simulated spectrum of site 'A'; (d) simulated spectrum of site 'B'; and (e) simulated addition spectra of 'A' and 'B'. region of the spectra, the complexes exhibited broad bands as compared to that of the ligand, indicating that the interactions associated with the saccharide OH groups in the corresponding ligand are modified upon complex formation. Furthermore, the spectral changes observed in the case of metal-ion complexes in the region 1000-1500 cm − 1 with wCO, lCO and wCOC vibrations are also indicative of the binding of the ligand.
Band shifts were observed with the saccharide skeletal (wCO) and the glycosyl amine (lNH) groups in the metal-ion complexes when compared to the ligand ones (H 6 L, wCO 1465, and lNH 1650 cm − 1 ). The shifts observed in wCO and lNH indicate complex formation. Thus the binding of the glycosyl amine group is predominant over that of the saccharide OH group, whereas in the case of the metal-ion complexes of Ag ).
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These results are further supported in the 1 H NMR studies.
Absorption studies. -Absorption spectra of the complexes 1-6 differ from their precursor spectra indicating that ligand H 6 L or H 2 L* is involved in complex formation with the corresponding metal ions. Complexes of Hg 2 + 1, Ag + 4, and Cd 2 + 5 exhibited similar absorption features where one of the bands is centered at 265 nm and the other at 320 nm. Comparison of these spectra with the corresponding ligand spectra indicated that the intensity of the former is increased dramatically upon complexation in the case of 1, 4 and 5. These spectral changes are attributable to the binding of the sulfur group to the metal-ion center in all these cases. In the case of the Zn 2 + complex 6, a broad band is observed around 375 nm that is assignable to the metal-to-ligand charge-transfer transition.
CD studies. -CD spectra of the complexes 1, 3, 4, and 6 were compared with that of the ligand H 6 L. The figure clearly indicates that large Cotton effects are observed with the complexes, Hg 2 + 1, Cu 2 + 3, and Zn 2 + 6, and almost no or only a weak Cotton effect is observed with the complex Ag + 4. Complexes 1 and 3 exhibit Cotton effects that are opposite in sign to that of 6, which is perhaps due to a change in the conformation that results in the inversion of the saccharide moiety. In the literature, 12 it has been reported that the Cu 2 + -saccharide complexes showed opposite sign of rotation when compared to the corresponding saccharide complexes of VO 2 + , Co 2 + and Ni 2 + . This is attributed to the inversion of the saccharide resulting in a conformational change from 4 C 1 to 1 C 4 as shown in Fig. 4 .
Optical rotation studies. -The characteristics of the ligand in the metal-ion complexes are identified by the sign of the optical rotation, as well as by their specific rotation values. Direct evidence for the presence of a-D configuration is the high-positive specific rotation value (+ 80°) observed for 1, which is due to the change in the conformation of the ligand bound to the metal center.
Thermal analysis. -Thermal degradation studies were carried out in a nitrogen atmosphere in the temperature range of 25-850°C, and the data are given in Table 1 . Presence of water molecules was observed from the weight loss, and these were found to be 1, 2, 3, 1, and 2, respectively, in 1, 3, 4, 5 and 6. At high temperatures, the thermograms were found to be exothermic in nature. Complex Hg 2 + 1 shows 100% degradation as expected, due to the low boiling of mercury and the easy decomposition of its oxides. In the case of the other complexes, the degradation is found to be in the range of 75-80%. Solution interaction studies between the metal precursors and H 6 L. -Solution interaction studies were carried out by absorption and CD titrations between the corresponding metal precursor and the ligand (H 6 L) in methanol. The results obtained from a Job's plot showed the species formed to have metal-to-ligand ratios of 3:2, 2:1, 1:2 and 4:5, respectively, for Hg 2 + , Cu 2 + , Cd 2 + and Zn 2 + . However, the synthetic reactions carried out, as reported in this paper, resulted in the formation of the complexes with metal-to-ligand ratios of 1:2, 1:1, 1:1 and 2:1, respectively, for Hg 2 + , Cu 2 + , Cd 2 + and Zn 2 + . Thus the metal-to-ligand ratios observed with the isolated products of the synthetic reactions differ from the species observed in the solution interaction studies due to their solubility characteristics.
Nature of the products and conclusions. -Benzothiazoline derivatives 13 are versatile ligands having potential N-, S-, O-donor atoms and can coordinate in mono and/or in bidentate fashion. While the ligand H 6 L exhibited resonances corresponding to five OH groups, which is consistent with the open-chain form, the metalion complexes, 1, 2, and 4 -6 exhibited only four OH groups due to the formation of a furanose ring. In order to understand the different possible coordination modes between the ligand and the transition-metal ions, the existence of open and closed forms seem to be important. The aminothiophenol group attached to the C-1 position of the saccharide moiety plays a role in the stereochemistry of the resultant coordination compounds. Coordination chemistry of Hg 2 + is important in view of its toxicity to living systems (by binding to the thiolate groups of cysteine residues), and thus there is need for detoxification of mercury as is generally carried out by some biological systems using metallothionines. While the Hg(II) and Zn(II) exhibited a 1:2 (metal-to-ligand) complex, Ag(I), Cu(II), and Cd(II) exhibited a 1:1 complex, where an acetate moiety was present in the coordination sphere of Cd(II) complex, only. Thus, the Ag(I) complex exhibits linear geometry, whereas all the other complexes exhibit either squareplanar or tetrahedral geometry. In the absence of X-ray structures of these complexes, the conformational and structural characteristics cannot be explained in depth. Thus, the D-glucobenzothiazoline derivative may serve as a model compound. Based on the spectral data, the structures of the complexes, 1, and 3-5 are proposed as shown in Fig. 5 .
